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[1] The study compiles the controlling factors for organic matter sedimentation patterns from a suite of
organogeochemical parameters in surface sediments off Spitsbergen and direct seabed observations using a
Remotely Operated Vehicle (ROV). In addition we assess its storage rates as well as the potential of carbon
sinks on the northwestern margin of the Barents Sea with short sediment cores from a selected fjord
environment (Storfjord). While sedimentation in the fjords is mainly controlled by river/meltwater
discharge and coastal erosion by sea ice/glaciers resulting in high supply of terrigenous organic matter,
Atlantic water inflow, and thus enhanced marine organic matter supply, characterizes the environment on
the outer shelf and slope. Local deviations from this pattern, particularly on the shelf, are due to erosion
and out washing of fine-grained material by bottom currents. Spots dominated by marine productivity
close to the island have been found at the outer Isfjord and west off Prins Karls Forland as well as off the
Kongsfjord/Krossfjord area and probably reflect local upwelling of nutrient-rich Atlantic water–derived
water masses. Accumulation rates of marine organic carbon as well as reconstructed primary productivities
decreased since the middle of the last century. Negative correlation of the Isfjord temperature record with
reconstructed productivities in the Storfjord could be explained by a reduced annual duration of the
marginal ice zone in the area due to global warming. Extremely high accumulation rates of marine organic
carbon between 5.4 and 17.2 g m2 yr1 mark the Storfjord area, and probably high-latitude fjord
environments in general, as a sink for carbon dioxide.
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1. Introduction
[2] Continental margins are known as high pro-
ductive, and their storage of organic carbon play a
major role in the global carbon cycle [e.g., Walsh,
1991; Wefer et al., 2003; Stein and Macdonald,
2003a, and contributions therein]. Despite their
minor area, one fifth to one third of the global
marine primary productivity (8.3  109 t OC yr1)
[Wollast, 1991, 2003] has been attributed to these
locations. Hedges and Keil [1995] estimate that
45 percent of the preserved organic carbon is pres-
ently stored on the continental shelves (90 percent
if deltas were included). However, apart from major
carbon sinks, shelves are also considered to be
sites of carbon recycling, i.e., organic carbon that
escapes remineralization and is largely transported
to deposition sites located on the continental slope
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[e.g., Walsh et al., 1981; Walsh, 1991; de Haas et
al., 2002]. Regarding these conflicts, more infor-
mation on organic sources, fluxes and storage rates
along less explored margins is therefore necessary
to constrain their impact on the size and residence
of the organic carbon reservoir.
[3] Several recent studies have examined these
issues in the Arctic Ocean and its marginal seas
[e.g., Macdonald et al., 1998; Stein and Fahl,
2000; Stein et al., 2003; Stein and Macdonald,
2003a, and references therein]. These studies show
that in contrast to the central Arctic Ocean with its
continuous sea ice cover and low productivity, the
marginal seas exhibit strong seasonal changes and
higher surface water productivity [e.g., Stein and
Macdonald, 2003a, and references therein]. For the
Barents Sea, Slagstad and Wassmann [1997] mod-
eled primary productivities between 40 and 100 gC
m2 yr1, with the highest values confined to the
marginal ice zone (MIZ). Enhanced stratification
and availability of nutrients coupled with an in-
creasing insolation during spring result in carbon
pulses to the benthos [e.g., Owrid et al., 2000].
However, the export of phytoplankton biomass is
largely controlled by micro- and mesozooplankton
resulting in low sedimentation rates of living cells
from the euphotic zone [Owrid et al., 2000], but
explain the findings of high proportions of fecal
pellets in sinking material [Andreassen et al.,
1996].
[4] Unfortunately, the fate of particulate organic
carbon deposited in marine sediments is less
studied in the Barents Sea. Information on or-
ganic sources, diagenetic impregnation, and stor-
age rates are very rare [e.g., Hulth et al., 1994;
Stein et al., 1994; Glud et al., 1998]. In a recent
compilation, Vetrov and Romankevich [2003]
stated that most of the organic carbon deposited
in the Barents Sea today is of marine origin and
burial rates vary between 2.5 and 3.4  106 t C
yr1. However, this new compilation still lacks
precision in terms of organic carbon sources,
redistribution processes, and burial rates, particu-
larly in the northern/northwestern part of the
Barents Sea. First attempts to estimate the dif-
ferent proportions by using geochemical parame-
ters yielded different results, which have been
discussed controversially [Stein et al., 1994;
Schubert and Calvert, 2001; Birgel and Stein,
2003]. Uncertainty about the origin of organic
carbon and its storage rates in the northern
Barents Sea yet remains. With the following
study, we can close this gap of knowledge and
provide new insights in the relationship between
modern environmental processes, sediment accu-
mulation, and storage rates of organic carbon in
polar coastal environments.
[5] Here, we present new data illuminating the
character and origin of organic carbon from the
Spitsbergen continental margin as well as calcula-
tions of organic carbon storage rates in a high-
latitude fjord environment. The purpose of this
study is to examine (1) the characteristics of the
sedimentary environment controlling the deposi-
tion of organic matter, (2) the sources of organic
matter being deposited in fjords and seawards,
(3) the role of high-latitude fjord environments
as prominent storage site for terrestrial and marine
organic matter, and (4) the characteristics of
recent environmental parameters such as produc-
tivity, terrestrial input, ocean surface and bottom
currents to establish a sound basis for paleocli-
matic reconstructions.
2. Environmental Setting
[6] Spitsbergen, the main Island of the Svalbard
Archipelago east of the Fram Strait forms the
northwestern edge of the Barents Sea (Figure 1).
Its geological spectrum provides an almost com-
plete succession from Precambrian to Quaternary
strata [Steel and Worsley, 1984; Dallmann,
1999]. Precambrian metamorphic crystalline
rocks of the Heckla-Hoek group and sand-silt-
stones of Devonian ages predominate the north-
ern and northwestern part. Nearly undisturbed
strata of Mesozoic sedimentary rocks controls
the central and southern parts of the island, while
Tertiary organic-rich siliciclastic rocks with coal
seams dominate the inner part of southern Spits-
bergen [Michelsen and Khorasani, 1991]. The
seafloor in the northwestern Barents Sea consists
of Pleistocene moraines and of Holocene deposits
including reworked morainic material [Dibner et
al., 1970; Bjørlykke and Elverhøi, 1975]. Geo-
physical data indicate the presence of Mesozoic
sediments immediately below the Pleistocene
cover [Sundvor, 1974].
[7] Surface waters at the Spitsbergen continental
margin are characterized by warmer Atlantic water
(T > 1C; S  34.6) in the western and southern
part and colder Arctic waters (T < 0C and S <
34.4) with extensive sea ice cover in the eastern
part separated by the polar front (Figure 1) [Loeng,
1991]. Ice melting during spring and summer
creates a stratified and nutrient-rich euphotic zone,
Geochemistry
Geophysics
Geosystems G3 winkelmann and knies: carbon off spitsbergen 10.1029/2005GC000916
2 of 22
which supports distinct plankton blooms along
the marginal ice zone [e.g., Sakshaug and Slagstad,
1992; Owrid et al., 2000]. Ice coverage varies
greatly from year to year probably reflecting the
interannual dynamics of the Atlantic water inflow
[Vinje, 2001]. These warm and nutrient-rich
waters are capable of introducing extensive but
variable amounts of zooplankton into the study
area. Thus sea ice dynamics and related primary
productivities affect carbon flux dynamics in the
Barents Sea, and climate forcing is hence consid-
ered to play a significant role [Slagstad and
Wassmann, 1997].
3. Material and Methods
[8] Forty-five short cores have been collected
west off Svalbard and on the adjacent shelf to
the south on a scientific cruise with R/V Heincke
in summer 2001. The short cores were either
taken with a multicorer or with boxcoring equip-
ment. Core description and first lithological
descriptions were made directly after recovery.
Undisturbed surfaces of all short cores (first
centimeter of core depth) and three cores from
Storfjorden (1244, 1245, 1246) were sampled
and stored at 20C until analysis. Thereafter,
all samples were freeze-dried and prior to
grounding washed through >1 mm mesh with
deionized water excluding a substantial influence
of possible ice rafted source rock/coal debris
from the Barents Sea/Svalbard on the bulk geo-
chemical and sedimentological signal [Bjorøy
and Løberg, 1993] (see discussion below).
3.1. Elemental Analysis
[9] For the total organic carbon (TOC) analyses,
aliquots (200 mg) of the ground samples were
treated with 10% (vol.) hydrochloric acid (HCl)
and heated to 60C to remove carbonate, and
then washed with purified water to remove all
traces of HCl. The possible loss of organic
material by acid leaching is not taken into
account. The samples were dried overnight
(50C) and then analyzed.
Figure 1. Research area, position of marine surface sediment samples, and surface circulation pattern; bathymetry
from the IBCAO data set [Jakobsson et al., 2000]; box model with North Atlantic circulation pattern (source: Center
for Environment and Resource Studies, University of Bergen).
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[10] Nitrogen analysis was performed on samples
twice, on ground bulk sediment samples and after
they had been treated with KOBr-KOH solution to
remove organic nitrogen from the sediment sam-
ples using the method of Silva and Bremner
[1966]. Approximately 200 mg of sediment was
weighed into a beaker, covered with 10 ml of
freshly prepared KOBr-KOH solution (6 ml bro-
mine added at 0.5 ml/min to 200 ml of 2 M KOH
cooled with ice), and allowed to stand for 2 hours.
30 ml of purified water was added to the beaker,
which was then boiled vigorously for 5 minutes.
Cooled overnight, the solution was decanted off
and the slurry poured into a centrifuge tube the
following day. The beaker was washed out with
0.5N KCl solution into the centrifuge tube, which
was centrifuged for 10 minutes at 4000 rpm.
Subsequently, the supernatant was decanted off
before purified water was added to the tube. Shaken
vigorously to disperse the sediments, the tube was
centrifuged again for 10 minutes at 4000 rpm. After
the supernatant was decanted off, the sediment
pellet dried at 60C in an oven overnight and was
finally ground in-situ to a homogeneous powder
before it was used for analysis.
[11] TOC was determined by means of a LECO CS
244 analyzer (Geological Survey of Norway). A
Carlo Erba NC2500 analyzer (Iso-Analytical Ltd.)
was used to measure the nitrogen contents of
bulk (Ntot) and KOBr-KOH treated sediments
(Ninorg). The organic nitrogen (Norg) content has
been determined by difference of Ntot and Ninorg.
Exchangeable nitrogen concentrations were not
considered in this study. All bulk analyses are
given in weight percentages (wt.%). The reproduc-
ibility of TOC and N analyses is ±15% and ±10%,
respectively.
3.2. Rock Eval Pyrolysis
[12] For Rock Eval pyrolysis, aliquots of the
crushed samples are weighed into crucibles
(100 mg) and analyzed in a Delsi Rock-Eval II
instrument under the following conditions (cycle 1):
300C isothermal for 3 min., 25C/min. tempera-
ture gradient, 390C CO2 trap shut off, 550C
isothermal for 1 min (cf. Espitalie et al. [1977]
and Tissot and Welte [1984] for details). For the
present study, the temperature at maximum pyro-
lytic hydrocarbon generation from kerogen (Tmax
in C) was recorded to study the thermal maturity
of the organic matter. Other results from the Rock
Eval Pyrolysis will be published elsewhere. The
IFP (Institut Franc¸ais du Pe´trole) Standard 55000
was used to check the precision of analysis (10%
duplicated) (±2C for Tmax).
3.3. Stable Isotope Analysis
[13] Stable carbon isotope ratios of the organic
fraction (d13CTOC) were determined on decarbon-
ated (10% HCl) samples using a PDZ Europa
elemental analyzer isotope ratio mass spectrometry
(EA-IRMS, Iso-Analytical Ltd.). The d13CTOC
results are in per mil notation. 20% of the samples
were analyzed in duplicate with an average standard
deviation of 0.06% (n = 18). The reference material
was Iso-Analytical Ltd. working reference standard
IA-Flour with a d13CTOC value of 26.43% versus
Vienna-PDB. Along with IA-Flour, NBS-1577a
(Bovine Liver, d13CTOC = 21.68% versus
Vienna-PDB) was analyzed as quality control check
samples during analysis of the sediments.
3.4. Clay Minerals
[14] For clay mineralogy, the >63 mm fraction was
separated by wet sieving and the <6 mm fraction by
Stoke’s law settling method, respectively. The clay
mineralogy measurements were carried out on a
Philips X’pert MPD diffractometer with an auto-
matic divergence slit, using CuKa radiation (40 kV,
50 mA). Identification of clay minerals from
XRD-pattern of ethylene glycol-treated samples
was done at 10 A˚ for illite, 17 A˚ for smectite and
7 A˚ for kaolinite and chlorite. To differentiate
kaolinite and chlorite we used intensity ratios of
the 3.58 A˚-kaolinite peak and the 3.54 A˚ chlorite
peak. Relative clay-mineral contents were calcu-
lated by using empirical factors after Biscaye
[1965] and normalized to 100% (see Vogt et al.
[2001] for more details). In this study, we solely
present the relative illite contents in surface sedi-
ments. The remainder will be published elsewhere.
[15] The results of surface samples have been plot-
ted with the Ocean Data View (ODV) software
package [Schlitzer, 2002] using the Quick Gridding
method to allow both interpolated special trend as
well as spatial coverage information to be displayed.
4. Chronology
[16] The chronology of the three cores from the
Storfjord is based on three AMS14C datings
(Table 1) and the 137Cs signal provided by the
Gamma Dating Centre at Copenhagen, Denmark
(Figure 2). AMS14C radiocarbon dating was per-
formed on bivalve material from cores 1244 and
1245 at the Leibniz Laboratory for Dating and
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Isotopic Research at the Christian-Albrecht-
University of Kiel and calendar ages were cali-
brated by the CALIB 4.1 software package with
a correction for global marine reservoir effect of
402 years [Stuiver et al., 1998a, 1998b]. Thus
radiocarbon ages below 450 years have not been
calibrated. There are, however, regional values for
reservoir correction different from the global aver-
age but while highly variable from site to site and
not determined for the Storfjord area the established
global value (402 years) has been applied.
[17] AMS14C ages are supported by the 137Cs
supply to the sediments, which show some simi-
larities in all three cores (Figure 2). The marine
environment in northern Europe reveals three
major supply periods (events) during the last
100 years: (1) the initial atmospheric nuclear
bomb testing phase in the fifties to sixties, (2) the
Sellafield outlets peaking in the mid-seventies,
and (3) the Chernobyl reactor accident in 1986
[Kunzendorf and Larsen, 2002].
[18] Assuming an undisturbed recovery of all three
cores in a low-energy, high-accumulation area of
the Storfjord, we consider the core top to represent
recent age (according to sampling year AD 2001).
The first appearance of 137Cs at 9.5 cm core
depth in all cores has been used as the second time
marker corresponding to the beginning of atmo-
spheric nuclear testing in 1952 AD (H. Kunzen-
dorf, personal communication, 2002) (Figure 2). A
third time indicator arises from the AMS14C results
for cores 1244 and 1245 which gave about the
same uncorrected age (within the error ranges)
corresponding to a time interval between 1900
and 1924 at about 20 centimeter core depth
(Figure 2). Given these three time markers and
by assuming a constant sedimentation rate for the
cores a linear age model can be established for all
three cores (Figure 2). On the basis of the age
model, bulk mass accumulation rates (MARbulk)
can be calculated as MARbulk = LSR  DBD,
where LSR = linear sedimentation rate and DBD =
dry bulk density (data taken from Winkelmann
Figure 2. Linear age model for the cores based on first appearance of 137Cs at 9.5 cm core depth and supported by
AMS radiocarbon dating of Cores 1244 and 1245.
Table 1. Results of AMS 14C Dating
Core Sample
Depth
Interval, cm Species
Conventional
14C Age
Reservoir
Corrected Age
1244 KIA 17830 19 – 20 Astarte borealis, fragment 455 ± 25 BP AD 1900–1924
1 sigma cal AD 1866–1950a
2 sigma cal AD 1822–1950a
1245 KIA 17829 7 – 8 Macoma calcarea, whole species <1954 AD no calibration
1245 KIA 18578 20 – 21 benthic foraminifers 440 ± 20 no calibration
a
The corrected ages were calculated by using the CALIB 4.1 software package. A global reservoir correction of 402 years was applied.
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[2003]). The corresponding LSR is 183.7 cm
kyr1. The MARbulk varies between 89 and 224
(core 1244), 57 and 147 (core 1245) and between
60 and 162 (core 1246) g cm2 kyr1 (Table 2).
5. Results and Discussion
5.1. Sedimentary Environment
[19] The sedimentary environments have been
characterized with the aid of pictures of a Remotely
Operated Vehicle (ROV ‘‘sprint 103’’) (Figure 3)
equipped with a video and still camera, a compass
and two parallel orientated laser beams (distance
32 cm) which act as a scale in the images (Julian
Gutt, Alfred Wegener Institute for Polar and Ma-
rine Research, personal communication, 2002).
Accordingly, we simply divide the sedimentary
environment in the study area between (1) a
high-energy, no accumulation environment on the
outer shelf/shelf break and bathymetric highs, (2) a
low-energy, high-accumulation environment in the
inner fjords, and (3) a mixed type of moderate or
variable energy, low-accumulation environment
of the transitional sites and the Barents Sea. Espe-
cially the winnowed lag deposits on the outer shelf
(e.g., stations 1250, 1262, 1273, 1274) are consid-
ered to represent erosional surfaces probably
induced by contour or bottom currents [Andruleit
et al., 1996]. The ‘‘ice-rafted debris (IRD) signal’’
of these hard ground surfaces may not reflect
recent ice rafting but out washing of finer sedi-
ments. The onset of increased along-shelf bottom
currents was dated to approximately 2.6 kyr BP
[Andruleit et al., 1996]. Possible reasons could be a
postglacial reorganization of the oceanographic
conditions [Svendsen and Mangerud, 1997] or a
lowering of the sea level (50 m) during the
postglacial isostatic rebound [Landvik et al.,
1992] resulting in a higher energetic regime at
the seafloor [Boulton, 1990]. The winnowing
facies is observed on the shelf to water depth
>130 mbsf west off Prins Karls Forland. Toward
the incisions of the fjord systems, areas are
Figure 3. Three types of sedimentary environment: outer shelf, high energetic (no sedimentation); inner fjords, low
energetic (high sedimentation); Barents Sea shelf, mixed type of medium energetic (low sedimentation) (based on
interpretation of ROV pictures).
Table 2. Selected Mass Accumulation Rates for the Three Cores of Storfjordena
MAR 1244 1245 1246
MARbulk 890 – 1750 (2240) 570 – 1470 600 – 1620
MARTOC 21 – 40 (50) 14.6 – 36.3 11.7 – 35.2
MARM-OC 5.8 – 11.7 (13.8) 6.9 – 16.3 5.4 – 17.2
MART-OC 15.1 – 29 (37.2) 7.7 – 20.8 6.3 – 18.7
a
Mass accumulation rates are in g m2 yr1.
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sheltered from the bottom currents and therefore
sites favoring deposition. In fact, high terrigenous
input due to glacial erosion and glacio-fluvial
processes as well as extreme particle flux may have
caused thick sedimentary sequences in the inner
fjords [e.g., Elverhøi et al., 1995; Hop et al., 2002;
Plassen et al., 2004]. In contrast, the sediments
from the Barents Sea shelf exhibit partly features of
the higher energetic shelf environments west off
Spitsbergen. Within the Atlantic water domain,
strong bottom currents (0.5 m/sec, based on
ROV observation) leave single ice rafted boulder
outstanding. Although not analyzed for grain sizes,
sediments from these sites were found sandier
during sampling preparation. Autumn and winter
storms may also contribute to this sedimentological
picture of a higher energetic environment [Rumohr
et al., 2001; Sarnthein et al., 2003], but, in general,
resuspension, entrainment and lateral displacement
of fine grained sediments seem to be not as dom-
inant as on the shelf west off Spitsbergen.
5.2. Sources and Pathways of Organic
Carbon at the Spitsbergen Continental
Margin
5.2.1. Carbon and Nitrogen Contents
[20] Total organic carbon (TOC) measurements
show relatively high values varying between 0.5
and 2.7 wt.%. Highest values are found in samples
from the Storfjord and the Isfjord but some samples
from off the Kongsfjord/Krossfjord area exhibit
similarly elevated values (Figure 4, Table 3). Pro-
nounced low values characterize the continental
shelf and slope but are low as well in the Krossf-
jord and north of Bear Island. Distribution of Ntot
shows no distinct pattern, but a rather complex
picture, as relatively high and low values are
present in fjords and on the shelf (Figure 4,
Table 3). However, lower values characterize fjord
heads of the Isfjord and the Van Mijenfjord
whereas lowest values are found on the shelf slope
west off Spitsbergen. The distribution of the inor-
ganic nitrogen (Ninorg) contents clearly shows high-
est values in the fjords with strong gradients to
open marine or shelf environments (Figure 4,
Table 3). The distribution of the organic nitrogen
(Norg) shows relatively low values at fjord heads as
well as on the shelf slope (Figure 4, Table 3).
Relatively higher values are present off Prins Karls
Forland and off the Kongsfjord/Krossfjord area.
The short cores, here exemplified on 1245, reveal
no significant temporal deviation from the surface
samples for all proxies (Figure 4). One exception is
the sudden decrease in organic nitrogen at the
sediment surface that is probably the result of a
preferential diagenetic remineralization and uptake
of nitrogen by benthic organisms.
5.2.2. C/N Ratios and Clay Minerals
[21] TOC/Ntot ratios, commonly quoted as C/N
values are widely used as a tool for discriminating
marine from terrestrial organic matter in sediments
[Mu¨ller et al., 1983; Stein, 1991; Hebbeln and
Berner, 1993; Wagner and Dupont, 1999]. How-
ever, in clay-rich sediments with high proportions
of illite (the clay mineral mainly responsible for
ammonium binding) it is important to distinct
between organic and bound inorganic nitrogen
[e.g., Mu¨ller, 1977; Schubert and Calvert, 2001].
For instance, Schubert and Calvert [2001] found
that nearly 50% of the total nitrogen content in
central Arctic Ocean surface sediments is com-
posed of the inorganic fraction. They suggested
TOC/Norg ratios for interpreting organic matter
sources in the Arctic Ocean.
[22] In fact, TOC/Ntot ratios in surface samples off
Spitsbergen are apparently affected by inorganic
nitrogen too, which results in generally lower
TOC/Ntot (roughly between 5 and 15) compared
to TOC/Norg ratios (between 8 and 49) (Figure 5,
Table 3). A similar offset is also observed in
sediment records from the Storfjord (Figure 5).
The dominance of illite in the clay fraction in all
samples (Figure 4) may support that the TOC/Ntot
ratios are altered by inorganic nitrogen bound as
ammonium into the lattice structure of the clay
mineral. However, illite contents in fine fraction do
not correlate with absolute values of inorganic
nitrogen. Instead, highest inorganic nitrogen con-
tents, and thus strongest deviations between TOC/
Ntot and TOC/Norg ratios are closely related to the
high amounts of fine-grained material deposited in
the inner fjords. This indicates that the depositional
environment is more relevant for the disturbance of
C/N ratios through inorganic nitrogen than the
dominance of single clay minerals. Considering
the common use of C/N ratios to illuminate con-
trolling processes for organic matter sedimentation
in other high-latitude depositional settings [Stein
and Macdonald, 2003a, and references therein],
and comparing this with the fact that inorganic
nitrogen can account for up to 70% of the total
nitrogen content (this study), it is highly recom-
mended to calculate the fraction of inorganic nitro-
gen before assessing sources of organic matter and
potential storage rates [e.g., Muzuka and Hillaire-
Marcel, 1999; Schubert and Calvert, 2001].
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[23] TOC/Norg ratios from the outer shelf areas
vary between 8 and 21, with a mean value of
11.4 indicative for enhanced input of marine
organic matter [Stein, 1991; Tyson, 1995; Wagner
and Dupont, 1999]. The highest values (>16) in
three sites (1262, 1273, 1274) likely represent
non-recent values and may reflect their erosional
sedimentary environments, i.e., winnowed lag
deposits caused by contour currents (Figure 3).
TOC/Norg ratios from inner fjord environments
are significantly higher than those from shelf areas
(Figure 5). With ratios ranging between 11 (1266,
Isfjord) and 49 (1254, Van Mijenfjord) (mean
16.5) (Figure 5) these sites are characterized by
terrigenous dominated organic material [Scheffer
and Schachtschnabel, 1984] most likely introduced
by river discharge, coastal erosion and IRD from
nearby glaciers. The extraordinary high TOC/Norg
ratios (49) accompanied with light d13CTOC values
(25%) in Van Mijenfjorden samples may be
explained by nearby mining activities of high-
volatile bituminous inertinite-rich coals in the Nor-
wegian community of Braganza Bay (Svea mine)
[Khorasani and Michelsen, 1991; Michelsen and
Khorasani, 1991] or input of Mesozoic organic-rich
shales and siltstones [Mørk and Bjorøy, 1984],
which would accordingly be responsible for an
enhanced input of fossil organic material. How-
ever, Rock Eval Tmax values of generally
<430C in all surface sediments of the van
Figure 4. Distribution of total organic carbon (TOC), nitrogen (Ntot = total nitrogen, Norg = organic nitrogen, Nbnd =
inorganic nitrogen) and illite (relative percentage of clay mineral assemblage) in surface sediments off Spitsbergen, as
well as downcore trends of TOC, Ntot, Norg, and Nbnd in selected core 1245 from the Storfjord.
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Mijenfjorden and Isfjorden (Table 3) indicate a
rather immature character of the bulk organic
matter and may reflect a subordinate importance
of this fossil organic carbon input for the recent
sedimentary environment.
5.2.3. Stable Carbon Isotopes
[24] Stable isotopic composition of organic mat-
ter (d13CTOC) has been used to determine quan-
titative proportions of terrestrial derived organic
carbon in recent environments in the Arctic
realm [e.g., Mu¨ller-Lupp et al., 2000; Schubert
and Calvert, 2001; Fahl et al., 2003]. C3 plant
derived terrestrial organic carbon reveals depleted
d13CTOC values between 25.5 and 29.3%,
with an average end-member signature of
27% [e.g., Ruttenberg and Gon˜i, 1997; Rachold
and Hubberten, 1999; Naidu et al., 2000]. The
admixture of C4 plant debris in these higher
latitudes is of less importance [Teeri and Stowe,
1976]. However, to quantify marine organic
carbon proportions, the use of paired analyses
of specific organic biomarker (n-alkanes) or
bulks (C/N ratios) and the d13CTOC signatures
of contemporaneous sedimentary organic matter
is recommended [Jasper and Gagosian, 1989,
1990].
Figure 5. The d13CTOC, TOC/Ntot, and TOC/Norg ratios in surface sediments off Spitsbergen (right) and three
records (cores 1245, 1244, 1246) from the Storfjord.
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[25] The d13CTOC values in surface sediment sam-
ples off Spitsbergen vary between 21.1% and
25.2% (ø 23.2%, n = 45) (Table 3). Distribu-
tion patterns of d13CTOC show well-developed
gradients from locations of the inner fjords toward
more distal or marine sites on the shelf (Figure 5).
An exception from that picture constitutes surface
sediments from the Kongsfjord/Krossfjord area
where d13CTOC values are generally > 22.5%.
In addition, relative light values ( 24.0%)
together with increased TOC/Norg ratios (>16) on
highs of the outer shelf and shelf break west off
Spitsbergen (stations 1262, 1273, 1274) as well as
the outer Hornsund in the south of Spitsbergen
(station 1250) could reflect the local sedimentation
pattern characterized by winnowing and erosion as
documented by ROVobservations in Figures 3 and
5 [cf. Andruleit et al., 1996]. Here, impregnation of
surface sediments by exposed Mesozoic rocks
underlying the Pleistocene cover in the northwest-
ern Barents Sea may be possible (Figure 3). If
admixed in minor proportions as erosional debris
to the marine sediment flux, the geochemical and
isotopic signatures of modern sediments may be
changed. Indeed, Rock Eval Tmax values in these
selected samples are generally higher (>435C)
than in all other samples (Table 3) pointing to an
admixture of fossil organic carbon as frequently
observed in glacial and deglacial sediments from
the eastern Norwegian-Greenland Sea [Wagner and
Henrich, 1994; Henrich et al., 1995; Wagner and
Ho¨lemann, 1995]. This is consistent with the
geochemical characterization of these Mesozoic,
TOC-rich shales and siltstones exemplary collected
in Pleistocene morainic material from the north-
western Barents Sea where Rock Eval Tmax and
vitrinite reflection (Ro) values vary between
450–485C and 0.5–1.0%, respectively [Bjorøy
and Vigran, 1980]. However, for the other samples
admixture is probably of minor importance as the
Rock Eval Tmax average value for these samples is
significantly lower (419 ± 7C) (Table 3) suggest-
ing a dominance of immature material in the bulk
organic signal.
[26] Minimum changes in d13CTOC are observed
downcore at all sites in the Storfjord (Figure 5).
Together with rather uniform organic and nitrogen
contents, this points toward minimum diagenetic
alteration [e.g., Freudenthal et al., 2001] and
therefore to a fair preservation of organic matter
in the Storfjord possibly induced by very high
sedimentation rates (2 mm/year). More obvious is
the spatial gradient from the inner (ø 25.3%), to
the middle (ø 24.2%), and outer station (ø
23.8%). This variability is characterized by sys-
tematic trends and thus considered to reflect
changes in sedimentary environment rather than
early diagenetic effects. The ranges of the individ-
ual records are consistent with gradients seen in
d13CTOC of surface sediments. This suggests or-
ganic matter source dependant variability from the
inner fjords (more terrigenous) to the shelf (more
marine) similar to the findings from the Laptev,
Kara, and Beaufort seas [Stein and Macdonald,
2003a, and references therein]. Admixture of TOC-
rich siltstones/shales and coals abundant in the
Mesozoic of southeastern Spitsbergen [Mørk and
Bjorøy, 1984; Michelsen and Khorasani, 1991] is
probably of minor importance as the Rock Eval
Tmax values in the investigated sediment cores are
more or less constant (Table 3) with an average
value of 427 ± 2.7C which is significantly lower
than known regional variations in Rock Eval Tmax
from bedrock samples (445–470C) and not co-
herent with high-volatile bituminous (Ro = 0.6%)
or coked coals nearby in the catchment area [Mørk
and Bjorøy, 1984; Michelsen and Khorasani,
1991].
5.2.4. Two-End-Member Mixing Model
[27] The d13CTOC variability in sediment surfaces
and records is widely used to determine relative
proportions of terrestrial and marine derived or-
ganic matter by application of a two-end-member
mixing model [e.g., Jasper and Gagosian, 1989;
Westerhausen et al., 1993; Wagner and Dupont,
1999; Schubert and Calvert, 2001].
[28] In surface sediment samples off Spitsbergen a
systematic relationship between d13CTOC signa-
tures, the percentage of organic nitrogen fraction
(from the total nitrogen), and the Norg/TOC ratio
with a good correlation (R2 > 0.76) have been used
to define the marine end-member (Figures 6a and
6b). All data show that the composition of sedi-
mentary organic matter in surface sediments off
Spitsbergen is consistent with mixing of terrige-
nous and marine C3-photosynthetic organic matter.
As discussed previously, the admixture of fossil
organic carbon is relevant for a few samples on the
outer shelf (1262, 1273, 1274) and the Hornsund
(1250), however, does not significantly influence
the binary system of the two end-members (terres-
trial vegetation/soil and marine organic matter) as
indicated by the regression in Figure 6. Assuming
the marine end-member to possess nitrogen of
organic origin exclusively while the terrestrial
may contain a mixture of organic nitrogen and
nitrogen bound as ammonium to clay minerals the
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marine end-member would be defined by 20.6%
(Figure 6a). This coincides with the Norg/TOC data.
They show typical ratios (>0.15) of marine organic
matter [Jasper and Gagosian, 1989] at the given
end-member of 20.6% (Figure 6b). Comparable
end-members for marine organic matter could be
established for the northern Norwegian coastal
region (20.3%) [Knies et al., 2003] and the
Yermak Plateau, NW off Spitsbergen (21.3%)
[Schubert and Calvert, 2001].
[29] A terrestrial end-member has not been defined
for our data set. However, the decreasing trends in
Norg (rel.%) and Norg/TOC ratios with lighter
d13CTOC values point to a known Arctic window
for terrigenous end-member values (26% –
27%) (Figures 6a and 6b). From a number of
rivers in the Arctic realm, d13CTOC of particulate
organic matter and peat were determined varying
between 26.5% and 27% [Ruttenberg and Gon˜i,
1997; Rachold and Hubberten, 1999; Naidu et al.,
2000]. By applying an average d13CTOC value
(26.8%) for terrigenous organic matter in our
data set, the end-member model allows us to
distinguish between marine and terrestrial organic
carbon.
[30] The resulting proportion of each sample varies
considerably. Accordingly, between 26% and 84%
of the total organic carbon are of marine origin
(Table 3, Figure 7). Distribution pattern exhibits
clear spatial trends with high terrestrial organic
matter supply (up to 70% of TOC) to the fjords
by glacial erosion processes and river/meltwater
discharge and strong gradients toward higher pro-
portions of marine organic matter toward open
marine conditions reflecting the dominant influ-
ence of nutrient-rich Atlantic water inflow on the
depositional environment (Figure 7). An exception
is the Kongsfjord/Krossfjord area where results of
Figure 6. Correlation between d13CTOC and percentage of Norg of (a) the total nitrogenous (Ntot) fraction and (b) the
Norg/TOC ratio. The marine end-member at 20.6% is marked by an arrow in Figure 6a.
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the two-end-member mixing model characterize
the local organic material as being almost solely
of marine origin (up to 90% of TOC) (Figure 7).
This result is consistent with TOC/Ntot, TOC/Norg
ratios (<8 and <10 respectively; Figure 5) painting
a picture of almost no terrestrial influence on the
organic matter composition. The area is known to
be at least temporally subject to local up-welling of
nutrient-rich Atlantic water [Svendsen et al., 2002]
possibly indicated by a high temporal variability in
annual primary productivity (4–180 gC m2 yr1)
[Hop et al., 2002]. In addition, the geologic hin-
terland fails to provide sedimentary strata that
would be capable of supplying large amounts of
terrigenous organic matter to the sediments. The
contribution of organic matter from the vegetation
cover seems to play a minor role as well since the
area is heavily glaciated and only small areas
provide favorable ground for plants to grow. Fur-
thermore, the pathway of significant amounts of
Figure 7. Distribution of terrigenous (TOM) and marine organic matter (MOM) as percentage from the TOC and
distribution of marine (M-OC) and terrestrial organic carbon (T-OC) in weight percentage of the surface sediment
based on the d13CTOC two-end-member mixing model.
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terrestrial organic material from central Spitsbergen
may bypass the Kongsfjord/Krossfjord area as
could be suggested from local highs in relative illite
concentration in fjord head sediments (Figure 4).
[31] To sum up the information derived from the
bulk organic proxies, it is obvious from this study
that the complexity of ice proximal environmental
settings in high northern latitudes requires not only
a multiorganic proxy approach to illuminate con-
trolling factors for carbon and nitrogen cycles, but
also the necessity to consider the sediment matrix
by sedimentological/mineralogical techniques and
visual observations. Their common use in an area
of regional importance have significantly improved
the reliability of the organogeochemical proxies
and provide better insights in the relationship
between modern environmental processes, sedi-
ment accumulation and transport as well as char-
acterization of organic matter sources and storage
rates in polar coastal environments [e.g., Muzuka
and Hillaire-Marcel, 1999].
5.3. Primary Productivity Estimates and
Storage Rates of Organic Carbon in the
Storfjord
5.3.1. Primary Productivity
[32] Sea ice dynamics and related primary produc-
tivities affect carbon flux dynamics in the Barents
Sea and climate forcing is hence considered to play a
significant role [Wassmann, 2002]. However, mea-
sured primary productivities are scarce in the
Barents Sea [Heimdal, 1983; Andreassen et al.,
1996; Owrid et al., 2000] and very difficult to
convert into annual productivities due to variable
ice coverage. Existing results show that maximum
production is confined to theMIZ, while north of the
polar front minor new generative production has
been reported. This corroborates modeling results
by Slagstad andWassmann [1997] showing primary
productivities in the range of 40 and 100 gC m2
y1 with highest values of 80 to 100 gC m2 yr1
around Bear Island, the Bear Island Bank, Spitsber-
gen and southeast off Novaya Semlya.
[33] Apart from modeled annual productivities and
their changes through time, annual (paleo)produc-
tivity can be estimated from sediment data [Berger
et al., 1989; Fischer and Wefer, 1999; Stein and
Macdonald, 2003a, and references therein]. By
following the approach of estimating paleoproduc-
tivity from marine organic carbon data in underly-
ing sediments, three main processes need to be
addressed: (1) the primary productivity (PP) of
marine organic matter and its flux through the
water column, (2) the dilution of the flux by
inorganic sediment, and (3) the decomposition
and preservation during burial (burial efficiency).
With the determination of MOC by means of the
binary mixing model the PP can be reconstructed
for the three cores from the Storfjord by using the
formula published by Knies and Mann [2002],
which is based on formulas by Mu¨ller and Suess
[1979], Betzer et al. [1984], Johnson-Ibach [1982],
Stein [1986, 1991], and Betts and Holland [1991].
Assuming no lateral flux the reconstruction of the
primary productivity (PP) is based on four main
parameter: water depth (z), linear sedimentation
rate (LSR), dry bulk density (DBD) and marine
organic carbon (MOC) and calculation of the PP
can be described as
PP ¼ MOC * 0:378 *DBD * LSR * z
0:63
1 1
0:037*LSR1:5þ1
  
0
@
1
A
0:71
: ð1Þ
[34] The reconstructed PP varies roughly between
60 and 120 gC m2 yr1 in all three cores for the
last 150 years (Figure 8). Remarkably, calculated
values are consistent with modeled values (40–
100 gC m2 yr1) [Slagstad and Wassmann, 1997]
for the last two decades showing the robustness of
the equations used to deduce PP rates from sedi-
ment data in shallow waters (>100 m). In very
shallow waters (<100 m), the application of carbon
flux and organic matter sedimentation models are
more limited because they are based on trends that
are primarily extrapolations of deeper ocean data
[Mu¨ller and Suess, 1979; Stein, 1986]. However,
uncertainties remain also in our data set since the
reconstruction is first based on a binary mixing
model deduced from d13CTOC data and second on
the empirical determined equation that has been
developed for global conditions. More applications
of this approach are needed in the Barents Sea to
ensure the reproducibility of our results.
[35] So far, remarkable clear trends in calculated
PP in all three cores from the Storfjord mark the
period from the beginning of the last century to
the present. Noteworthy is hereby the close corre-
spondence of PP rates in core 1244 with the air
temperature record from Spitsbergen (‘‘Isfjord
Radio’’ station) (Figure 8). The five year running
mean of the temperature record from ‘‘Isfjord
Radio’’ (annual mean) is apparently negatively
correlated to the PP of core 1244. This stands in
contrast to mathematical modeling results by
Slagstad and Wassmann [1997] that indicated a
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connection of phytoplankton spring blooms (high
PP) and years with low ice coverage (warm years).
One alternative could be the spatial coupling of high
bioproductivity to the MIZ in the Storfjord. Owrid
et al. [2000] measured high carbon net production at
the receding ice edge (reaching 1.44 gC m2 day1)
to the north of the Barents Sea Polar Front while
low level production to the south was maintained
basically by regenerative processes. Storfjord is
influenced by seasonal sea ice cover as well as
polynya formation [Haarpaintner et al., 2001;
Vinje, 2001]. Consequently, the MIZ is moving
over the Storfjord repeatedly throughout the year.
The ice coverage variation from year to year has
been linked to the interannual dynamics of Atlantic
water inflow. Its influence affects the thickness,
extent and duration of Arctic sea ice [Vinje, 2001].
Hence the decreasing reconstructed primary pro-
ductivities could be explained by reduced duration
of the MIZ in the Storfjord area. The temperature
increase (magnitude in the order of about 1C)
since the cooling of the Little Ice Age in the upper
layers of the Atlantic water accounts for most of
the ice extent reduction since ca. 1860 [Vinje,
2001]. The August ice edge variation relative to
the 1969–1990 mean at 79.1N for the western
Barents Sea exhibit similar pattern as the PP record
of core 1244 (Figure 8). Especially the decreasing
ice extents since 1960 seem to coincide with
decreasing PP of core 1244, supporting our theory
of a close coupling between air temperature
anomalies, less sea ice extent and lowering of PP
in surface waters in the Storfjord. Hence the record
indicates that estimated PP from sediment data
(more specifically the marine organic carbon input)
may not only be useful to describe recent changes
in environmental parameters in the Barents Sea,
but also suitable to illuminate long-term develop-
ments of sea ice coverage in this critical area for
climate change. That might be possible by study-
ing longer time series in selected fjord environ-
ments allowing a critical evaluation of PP data as
potential proxy for climate-induced variability of
sea-ice extent during the Holocene.
5.3.2. Storage Rates of Organic Carbon
[36] Using the previously determined marine (M-
OC) and terrigenous (T-OC) proportions of organic
carbon as well as mass accumulation rates (MAR),
the MARM-OC (MART-OC), the marine (terrigenous)
organic carbon accumulation rate, can be derived
(e.g., MARM-OC = MAR  M-OC%/100). The
values in the Storfjord ranging between 5 and
almost 17 gC m2 yr1 for MARM-OC and 6–
29 gC m2 yr1 for MART-OC are comparatively
Figure 8. Correlation of reconstructed primary productivities in the Storfjord (core 1244) to instrumental land air
temperature record of the ‘‘Isfjord Radio’’ Station and to variations of sea ice extends in the area (deviation from the
1961–1990 mean at 79.1N, T. Vinje, personal communication, 2002).
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high; however, they exhibit decreasing trends since
the early 20th century (Figure 9). Similar high
values on the circum-Arctic shelves are known
from the inner Laptev and Kara seas [Stein and
Fahl, 2000; Stein and Macdonald, 2003b]. Com-
parable investigations from high-latitude fjord
environments such as the Saguenay Fjord, Que-
bec, Canada demonstrate similar storage rates for
organic carbon as in the Storfjord. The rates vary
between 20 and 290 gC m2 yr1 whereby
mean values of 18–34 gC m2 yr1 imply that
fjord environments may represent significant long-
term carbon sinks [St-Onge and Hillaire-Marcel,
2001]. This is more obvious by comparing storage
rates in modern outer shelf sediments (100–200 m
water depth) with 62% of reported values (n = 37)
being 6 gC m2 yr1 or less. [Tyson, 1995].
[37] Applying organic carbon mass accumulation
rates to the Storfjord area results in rough but first
quantitative storage rates that vary between 0.18
and 0.73  106 tons TOC per year. The storage
rates of 1.0  106 tons TOC in the Laptev and
East Siberian seas [Stein and Macdonald, 2003]
as well as from the Norwegian Channel (0.17 
106 tons TOC yr1) and Kattegat/Skagerrak (0.83
106 tons TOC yr1) [de Haas and van Weering,
1997; de Haas et al., 2002] are comparable to these
values. Storage rates for M-OC and T-OC in the
Storfjord are in the range of 0.08–0.25  106 tons
and 0.09–0.5  106 tons, respectively. To put
these data into context, Arctic Ocean marginal
seas have one order of magnitude higher average
storage rates of 3.2  106 tons for M-OC and
5.5  106 tons for T-OC per year [Stein and
Macdonald, 2003b]. Hereby, the Barents Sea
accounts for >60% of the burial flux of M-OC
(2  106 tons yr1) [Vetrov and Romankevich,
2003]. However, these values represent only a
rough estimate, being calculated on the basis of
very few sediment cores and surface maps of
organic carbon. For instance, for the calculation
of organic carbon storage rates, organic carbon
accumulation rates in the Storfjord were estimat-
ed to be lower than 2 gC m2 yr1, while our
comprehensive study shows one order of magni-
tude higher rates of TOC (21–40 gC m2 yr1)
annually buried in the same fjord. The compar-
ison reveals that Storfjord and probably high-
latitude fjords in general likely constitute main
deposition sites for organic carbon and thus sinks
of carbon dioxide rather than midlatitude shelves
Figure 9. Reconstructed mass accumulation rates of bulk sedimentary matter and marine organic carbon (M-OC)
for the three Storfjorden cores [g MOC/m2a] during the last 150 years; Storfjorden area (14.249 km2); reconstructed
MAR of M-OC and T-OC for this area vary between 77 and 245  103 tons C yr1 and 90 and 530  103 tons C yr1
(for marine and terrestrial derived carbon, respectively) during the last 150 years (see text).
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because of the abundant presence of deep incisions
(fjords), which provide a favored sedimentary
environment for organic carbon accumulation. In
addition, yearly accumulation of M-OC between
0.08 and 0.25  106 tons (equivalent to 0.28 and
0.9 106 tons carbon dioxide) can be considered as
a significant sink for carbon dioxide. For compari-
son, these values are well within the range of one
tenth of Norway’s carbon dioxide emission from
fossil fuel consumption of 1998 (9.161 106 metric
tons CO2 in 1998; CDIAC, World Data Center).
6. Summary and Conclusion
[38] The study provides an up-to-date picture of
recent sedimentation pattern on the western Spits-
bergen continental margin. The physical sedimen-
tary environment is characterized by strong ocean
currents that lead to resuspension, entrainment and
removal of fine-grained sediment on bathymetric
highs on the continental shelf, on the shelf break
and upper slope. This winnowing leaves hard-
grounds with blankets of coarse-grained sediment
on top of sandy silty muds of presumed early or
pre-Holocene age. In fjord extensions and depres-
sions on the shelf fine-grained sediment is able to
settle out of suspension and leads to accumulation.
The inner fjords are characterized by generally low
energetic sedimentation. High sedimentation and
probably bio productivity could be recognized
from ROV pictures.
[39] Terrigenous proportions dominate the organic
matter of surface sediments from the inner fjord
environments of central and southern Spitsbergen.
According to a binary mixing model based on
stable isotopic composition of organic carbon the
quantified proportions of marine and terrigenous
organic carbon vary between 26 and 84%, and 74
and 16%, respectively, with a strong gradient from
inner fjords (more terrigenous) to the outer shelf/
slope (more marine). An exception forms the
Kongsfjord/Krossfjord area, where local upwelling
cells of nutrient-rich Atlantic water and low dis-
charge of terrigenous organic matter from the
hinterland result in high accumulation rates of
marine organic carbon.
[40] Reconstructed primary productivity rates in
the Storfjord based on marine organic carbon
supply are consistent with modeled ranges in the
Barents Sea (40–100 gC m2 yr1). The calculated
values exhibit decreasing trends since the 1960s
and are negatively correlated with air temperature
records on Spitsbergen, possibly as a result of a
reduced duration of the marginal ice zone in the
Storfjord throughout the year due to global warm-
ing. The yearly accumulation and storage of marine
organic carbon between 77 and 245  103 tons
(equivalent to 281 and 898  103 tons carbon
dioxide) in the Storfjord constitute a significant
sink for carbon dioxide.
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